This paper examines the interplay of glottalization and tones in tonal phonology of the Ruokeng Hui Chinese. Acoustic data from 10 native speakers were analyzed in terms of pitch (F 0 ), duration, H 1 -H 2 , H 1 -A 1/2/3 , CPP, HNR, SHR, etc. Fine-grained phonetic details reveal the interactions between phonation and tones and shed light on the ongoing tonal change from a glottalized tone to a plain high falling tone in the Ruokeng dialect.
Introduction
How tones distinguish with each other is an essential issue in the phonetics and phonology of tones ( [1] , [2] , [3] , [4] ). It is well-known that tones are correlated with pitch, but languages may differ in linguistic utilization of pitch. For instance, tones in African languages usually distinguish in pitch height and are therefore termed as register tones in the literature ( [5] ), whereas tones in Chinese and southeastern Asian languages are dynamically complex and are thus termed as contour tones ( [4] ). And additionally, phonation may interact with pitch and consequently contribute to tonal phonology in languages. On the one hand, phonation could enhance pitch targets, especially those extreme ones. For instance, creaky voice could be a concomitant phonatory setting to facilitate an extreme low pitch target, as is commonly observed especially in female speakers in the production of the dipping tone in Mandarin Chinese; in contrast, falsetto could enhance the realization of an extreme high pitch, as is observed in Hui Chinese ( [6] ). On the other hand, phonation could be pitch-independent and directly serve as tonal targets in languages ( [7] , [8] ). Furthermore, interactions between pitch and phonation could induce tonal variations ( [9] ). In summary, it has been widely acknowledged that tonal contrasts in languages could be multidimensional ( [7] , [10] , [11] ). And thus a phonetic theory of tones should provide enough dimensions for descriptive adequacy of potentially unbounded number of tones within a restricted range and to satisfy the requirements of general phonetic and phonological comparability of tones ( [12] ). This paper examines the interaction of pitch and phonation in tone productions in the Ruokeng Hui Chinese dialect. There are 6 tones in the Ruokeng: T1 (Yin-ping), T2 (Yang-ping), T3 (Shang), T4 (Yin-qu), T5 (Yang-qu) and T6 (Ru), among which T4 is characterized by a special voice quality of glottalization and has been transcribed as a dipping tone in previous impressionistic dialectological work ([13] ). This paper adopts a gradient view of glottalization ( [14] ), which includes different types of creaky voice ( [15] ) and full or incomplete glottal stops in the continuum of phonation ( [16] , [17] ). Variations of glottalization were described on the basis of fine-grained acoustic phonetic details. The aim is to explore the interactions between phonation and pitch in tone productions. How pitch and phonation characterize the production of T4 in Ruokeng? Which is essential in tone productions? Pitch or phonation? Are these variations and interactions subphonemic that manifests phonetic granularity in tone production? Or should they be understood as part of tonal phonology?
Methodology
10 native speakers, 5 male and 5 female, provided speech data. Five meaningful monosyllabic words in CV syllables, where C is a stop, are selected as the test words for each tone. The test word X is embedded in a carrier sentence [X 1 . ŋa35 tʰu33 X 2 fɛ31 n̩ 35 tʰɛ31] (X 1 , I read X 2 for you to listen). That is, there are two contexts for each test word X: the citation form X 1 and sentence-mid X 2 . This paper focuses on citation forms due to the space limit. The sampling rate is 11,025 Hz. 5 repetitions were recorded into a laptop PC through an E-MU 0404 USB sound card with a SHURE SM86 microphone.
Annotations were completed in praat 6.0.36 ( [18] Table 1 summarizes mean SDs of each tone of 10 speakers. Figure 1 reflects inter-speaker difference in tone production, and Table  1 indicates inter-token variance of each speaker. . Moreover, all these 5 tones have a limited SD values within 0.5, suggesting a stable control in tone production. In contrast, the production of T4 is quite different. T4 could be described as a high falling tone [42] according to the mean D-value curve, rather than a dipping tone as transcribed in dialectological work ( [13] ). But T4 has greater inter-speaker variations, as indicated by the shade in the right panel of Figure 1 ; also, T4 has inter-token variance with mean SDs greater than 0.5 in all speakers, indicating a worse control of pitch production vis-à-vis the other 5 tones. In other words, there is certain overlap between the two falling tones T4 The measured 9 acoustic parameters, H 1 *, H 1 *-H 2 *, H 1 *-A 1 *, H 1 *-A 3 *, CPP, HNR 35 , SHR, Jitter and Shimmer, confirm an apparent difference in phonation between T4 and the other 5 tones in Ruokeng. As shown in Figure 3 , the 9 acoustic parametric curves exhibit different patterns for T4 (Yin-qu: black) and the mean of the other 5 tones (grey). The ordinates represent the normalized Z-score of each parameter; and the abscissas represent the normalized time series that mark the sampled time points in percentage. As compared to the mean of the other 5 tones, T4 demonstrates comparatively smaller contact quotient and milder abruptness of closure in the glottis (lower H 1 -related measures), stronger noise energy (lower CPP and HNR 35 ), and more irregular vibrations (higher SHR, Jitter and Shimmer but lower CPP). These are all typical acoustic properties of glottalization ( [7] ). That is, there is a clear difference in phonation between T4 and the other 5 tones: namely glottalized vs. modal voice.
In summary, the production of T4 is heavily influenced by glottalization, which results in types of creaky voices And each LDA exclusively select one type of the parameters, within which all the 11 or 5 sampling points are defined as the independents. As a result, the 3 most accurate parameters in classifying the 6 tonal categories are listed in Table 2 . First, pitch is the most important cue for the classification of the 5 modal-voiced tones and nearly 90% of all tonal samples are correctly sorted by using semitone values alone. Second, the 3 most effective parameters (H 1 *, Jitter and CPP) in discriminating T4 are all phonation-related, which manifest the 2 essential properties (constricted glottis and irregular voicing) in specifying glottalization. And pitch is not a valid cue for the classification of T4, which explains only 62% of the data.
Figure 4: Pitch (left) and phonation contrasts (right) of the six tones in Ruokeng both in terms of confidence ellipses specified by two-dimensional features. The number of scatter plots for each tonal ellipse is 250.
The effectiveness of pitch and phonation for the classification of tonal categories was graphically represented in Figure 4 . Both the pitch (left) and phonation (right) contrasts of Ruokeng tones can be represented in forms of 95% confidence ellipses determined by two parameters. Pitch contrast is specified by mean slope (x1) and mean height (y1) of pitch curves, while phonation contrast is quantified by the absolute value of Z-score (x2) and the mean value of H 1 * (y2).
The contrast pattern in Figure 4 resembles territorial maps of LDA for the classification of Ruokeng tones. It confirms the fact that pitch and phonation make different contributions to the classification of different tones. As shown in the left panel, 5 of the 6 tones can be generally discriminated from each other by pitch-related features; the only exception is T4, whose ellipse is scattered. In the right panel, only the ellipse of T4 can be discriminated from the other 5 tones that are heavily overlapped with each other.
In summary, glottalization is responsible for specifying T4, while pitch is essential for the other tones. The LDA results from Ruokeng tones reflect a general linguistic preference in tonal contrasts: pitch is utilized to distinguish the majority of tones, whereas phonation is limited to certain specific tonal categories ( [7] ). It is mentioned above in Figure 2 in 3.1 that glottalization is gradient in nature. A related issue is that glottalization also has great variations in timing and has a further consequence on deviations of pitch contours as well. As shown in Figure 5 , spectrograms (in 1 st and 3 rd panels) and the corresponding pitch contours (in 2 nd and 4 th panels) illustrate 6 types of glottalized timings that are representative for the total 250 samples: fullglottalization, onset-glottalization, mid-glottalization, offsetglottalization, double-glottalization, and non-glottalization (modal-voice), respectively. The glottalized part is designated by the rectangular shadows in each spectrogram; the frequency of each type is expressed as percentage of the total samples and is labelled in the title for each pitch diagram. Variations in timing suggest that speakers can utilize different articulatory strategies for glottalization. The most common case is a glottalized offset. And the second most common case is nonglottalization: there are nevertheless 36.4% of the samples that are not glottalized. That is, they are realized as a plain falling tone within modal voice. This means that pitch contours could be an alternative in the production of T4. It further implies that pitch and glottalization both could be options for the realization of a phonological low tonal target, as the glottalized part of T4 in Ruokeng always co-occurs with low or extremely low F 0 , which is a typical but not necessary property for glottalization ([15] , [22] ). The interaction between pitch and phonation: an ongoing tonal change A closer examination of data reveals that observed variations on T4 production is not purely irregular, free synchronic variations. Rather, they are age-related. A regular pattern emerges when variations are correlated with speakers' ages. That is, it seems T4 is chronically changing from a glottalized tone to a plain high falling tone. Figure 6 compares generational differences in terms of average pitch curves (means ± 1 SD) of T4 among the 3 age groups: 3 old (＞55 yrs), 4 middle-aged (40~48 yrs), and 3 young (20~36 yrs). It shows that a glottalized pitch production in old generation is changing gradually into a smoother curve in younger generations. 20 . And it should be noted that the 5 female speakers are from the same family or neighbour who live together (W1-grandma, W4-mother, W3-aunt, W2-daughter, and W4-neighbour). The rising curve in pram.1 and the falling curve in pram.2 mean increasing and decreasing contributions of pitch and glottalization in the classification of T4, respectively. The rising curve in pram.3 indicates more and more modal-voiced samples detected in younger speakers. And the falling curves in pram.4 and pram.5 suggest more T4 samples have falling contours with a better controlled articulation. In conclusion, the production of T4 in Ruokeng is transforming from a glottalized tone into a plain high falling tone.
The histograms in Figure 8 compare the plain falling tone T1 (grey), level tone T2 (white) and the modal-voiced portion of T4 (black) in terms of pitch slope (increasing from left to right along the x-axes) and the slope frequency (the baselines of each tone are calculated from the trisection or quartering points along the y-axes). The values skewness (SK), kurtosis (KT) and S-W tests listed on the right-bottom in the figure were adopted to quantify the distribution modes of T4. A wave-like shift can be clearly observed from a comparison of the distributions of T4 from W1 to W2: normal > left-skewed > bimodal > right-skewed > normal. And, the values of SK, KT and S-W tests also confirmed this observation, indicating that the pitch curves in T4 is becoming more and more similar to a falling contour from elder speakers to younger speakers. 
Conclusions
Fine grained phonetic details explained interactions between pitch and phonation in the production of Ruokeng tones.
Phonetically, tones with modal voice are characterized by pitch contours, whereas the production of the glottalized tone T4 in Ruokeng is characterized by a high falling contour with concomitant glottalization, which is gradient in nature and is variable in timing. Phonologically, pitch is the essential feature for tonal contrasts, whereas glottalization contributes to the specific tone that it influences.
The interaction between glottalization and pitch influences the production of T4 in Ruokeng in several aspects. On the one hand, glottalization co-occur with low or extremely low pitches, and thus could function as a phonological low tone target. On the other hand, glottalization induces instability in pitch production and ambiguity in pitch perception, and thus could trigger sound change in long term. 
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